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Abstract: Workers at landfills have serious occupational risks due to gases emitted from the anaerobic
degradation of waste, such as methane (CH4) and hydrogen sulfide (H2S), and potential exposure to
ionizing radiation from poorly discarded radioactive materials [6][7]. Particle filtering masks do not
detect or alert for gas hazards, rather they simply provide protection from particulate emissions. This
paper develops a low-cost smart safety mask using an Internet of Things (IoT), wearable platform with
an ESP32 microcontroller containing an MQ-2 gas sensor for methane detection and a Geiger-Miiller
tube for radiation detection. Gas and radiation data are sent wirelessly to a Blynk IoT dashboard and
can be accessed and monitored in real-time by Work Supervisors on their mobile devices. A buzzer is
activated if either the Methane concentration exceeds 10,000 ppm or if the Radiation dose rate exceeds
0.8 puSv/hr; the buzzer will operate independent of network connectivity. Preliminary prototype testing
has demonstrated the adequacy of gas and radiation sensors, threshold detection at the set point, and the
ability of the system to remotely alert to workplace hazards. There is currently no low-cost, wearable
solution that combines gas detection, radiation detection, local alerting capabilities or [oT connectivity
that is appropriate for landfill workers — this indicates a significant gap in the existing literature
regarding the safety of workers in the landfill environment [1][2][3]. This system supports United
Nations Sustainable Development Goals (SDG) 3, 8, 11, and 12.

Keywords: 10T; ESP32; MQ-2; Methane Detection; Geiger-Miiller Tube; Radiation Monitoring; Smart
Mask; Landfill Safety; Blynk; PPE; Occupational Health

1. Introduction

Hazardous gases such as methane, carbon dioxide, hydrogen sulfide and ammonia continuously occur during
the decomposition of a landfill [6][10]. Hydrogen sulphide is particularly hazardous in that it is colourless, rapidly
leads to olfactory fatigue when present at higher concentrations and has contributed to the deaths of many workers
worldwide [8]. Although methane is odourless like hydrogen sulphide, it poses an extreme risk of asphyxiation
and explosion in poorly ventilated lands [6]. Aside from the chemical hazards thrown off by decomposing
landfills, there is the risk of radiation exposure from illegally disposed of medical or industrial wastes that contain
radioactive materials not addressed by typically worn personal protective equipment (PPEs) [13].

Most landfill site workers wear basic filtering facepieces to filter out particulate matter from their breathing
air but do not have electrical or electronic devices attached to their facepieces to monitor the presence or absence
of chemical agents [9][11]. Industrial grade gas detector systems are capable of detecting a range of hazardous
gases, however they are very expensive and also require substantial infrastructure and are not suitable for indi-
vidual worker use. The world's developing nations suffer the most from the gap in safety created by landfills, since
they have very little enforcement of the laws and regulations protecting their workers making them very
susceptible to personal injury [12].

The use of the Internet of Things (IoT) technology, such as low costs of Wi-Fi enabled microcontrollers like
the ESP32 and low-cost MQ-series sensors, enables real time and networked environmental monitoring to be
accomplished at a fraction of the cost of traditional methods [3][5][19]. Previous studies have successfully val-
idated the ability of the ESP32 to provide gas monitoring with cloud connectivity as well as explored the use of
smart masks in the literature [1][2]. Yet to date, there has not been a smart wearable device that can integrate gas
detection, radiation monitoring, [oT connectivity, and on-device alerting in a single device designed specifically
for landfill employees.
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II. Literature Review

A. Occupational Hazards in Landfill Environments

HaS is one of the most dangerous components of landfill gas because it will give the worker a rapid loss of
their ability to smell, therefore leaving them unaware of their surroundings when they are exposed to harmful
levels of HzS [8]. OSHA has documented 46 deaths of American workers resulting from the exposure to H2S from
2011 to 2017 [8]. Methane is a similar asphyxiation and explosion hazard [6]. Workers are also at risk from
illegally-landfilled medical and industrial radioactive waste being mixed with general municipal waste; there is
no way to protect them or detect the presence of this waste using normally-available safety equipment [13][20].
In South Africa and Bangladesh, solid waste workers are documented to encounter a wide variety of occupational
health hazards such as chemical exposure, physical injury, and biological hazards [9][11].

B. Wearable Safety Devices and Smart Masks

The growth of the miniaturization of electronics, along with developments in low-power microcontrollers and
wireless communication protocols, have led to the rapid development of highly integrated PPE that includes
sensors in the past 10 years [16][17]. Early versions of wearable safety equipment paid more attention to phys-
iological parameters like heart rate and temperature than to gas sensors, with the latest research focussing on
integrating environmental gas sensors into the respiratory PPE system [2].

Roning et al. proposed the most comprehensive smart mask framework to date, which consists of a platform
that combines sensing technologies; materials science; artificial intelligence; wireless communication; and in-
ternet of things (IoT) infrastructure into one device. This transforms a mask from being a passive physical barrier
to being an active, connected means of providing safety [2]. A validation study that was published in 2025 showed
that a wearable smart mask based on a combination of the MQ-135, MQ-9, and DHT11 sensors connected to an
ESP8266 microcontroller via the Blynk app could achieve multi-sensor detection and real-time cloud commu-
nication for industrial applications in a wearable format [1]. The design of this system was intended for the in-
dustrial environment, therefore it had no capability of measuring ionizing radiation.

Surveys conducted on the available wearables show the increased maturity in this industry, while reaffirming
the very limited number of radiation-capable wearables available for non-nuclear workers [17][18]. At present,
there are no documented wearables that combine gas and radiation sensing capabilities for landfill workers [13].

C. IoT-Based Gas Monitoring

Numerous studies confirm that the ESP32 paired with MQ-series sensors can be used to monitor air quality
in real-time and connect to the cloud through either ThingSpeak or Blynk [3][4][5]. The work by Easterline et al.
shows that the use of MQ-2, MQ-7, MQ-8 and MQ-135 sensors in an ESP32-based device was validated with
full-day tests performed in a typical urban setting, with results demonstrating that these sensors meet acceptable
ranges for error when compared to reference devices [3]. The research presented at ICMED-ICMPC 2023 demon-
strated the validity of using MQ-2 and MQ-135 sensors in concert with threshold-based Blynk push notifications
and confirmed that such capabilities are applicable to this architecture [4]. In addition, however, a recent pub-
lication from Jacko et al. confirmed that the ESP32 platform is a reliable IoT platform upon which to build pro-
duction applications [19]. Collectively these studies demonstrate that the selected hardware and cloud platform
together have been successfully utilized to monitor air quality in a similar manner in multiple studies.

D. Radiation Monitoring

Research shows that little has been published on the subject of wearable radiation monitoring for non-nuclear
workers [13]. Geiger-Miiller tubes are well-established, robust, and inexpensive detectors that can measure all
three types of radiation (alpha, beta, and gamma) by counting the number of ionizations that occur when radiation
passes through them and generates a pulse of electricity [14][15][20]. IoT-connected (Internet of Things) devices
for radiation monitoring have been utilized in fixed applications; however, there are very few examples of them
being used in wearable form [13]. The method proposed here uses an ESP32 to record the number of GM tube
pulses per time period, convert those counts into corresponding dose rate estimates, and send alert notifications
when dose rate thresholds are exceeded — the detection method is proven but being implemented in a wearable
format for the first time here [14][20].

E. Gaps and Motivation

With a body of literature that identifies 4 primary shortcomings in IoT gas detection monitoring exists there
is currently a gap where: 1) All existing [oT gas detection systems are not portable wearables; 2) There are no
affordable portable wearables designed to detect gases and radiation combined; 3) Existing smart masks are
designed for use in controlled industrial environments in developed countries but there is no research on smart
masks for use outdoors in landfills in low resource environments; and 4) The concepts of using real-time cloud-
based supervision of the worker for monitoring have not been tested on a wearable basis in an outdoor landfill.
This proposed system seeks to fill all 4 gaps with one low-cost system.
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TABLE 1

Comparative Analysis of Research Literature and Technological Prototypes

Acphcat.on v atfom v Sensors v ommunication v Mput / Alerts v Limitation va. Proposex

m T Enables Mash (2025) Industral (Coal Mastc) ESPE266 MO 35 MQ-9, DHTTY Wi ¥ Buzzer Mcbile Alerts  No radkation sensing: genenic gas profile; not landil speafic
| Smant Mesk (2022) Pardemc./Respratory ESPB265 HEPA filler Arflow Wi *  LEDOMcbie Alets  Focused on viral protection lacks s and radiation detection
£ ] Smart Ar Monitoring (2024) Urbar s quailty ESP32 MQ-2,7,8135 W *  Coud Deshooad Siationary/Nonrwearable. no radiation 0 lanchll context
14 Hazardous Gas (2023) Housenold/Incustnal ESP32 MQ-2, MQ-135 WF *  Bynk LCD Daplay Fed rstaliacon lecks radation montonng anc cortabiiy
] 0T Health & Safety (2020) Industnel workers NodeMCU MQ-135 MO 2 Wik ¥ Aop notficetions No H2S mondor ng: lacks radiation coverage; high cost

E] Landfll Gas Primer (2001) Hazard documentation NA CHM, H2S, CO2 (Ref) NA ¥  Regulotory gides 0 only. provides gncering/loT schtion
m NY Health Dept (2021) Community health NA H2S, NH3 (Ref) NA ¥ Policy reference No hardwere device, focused on manusl monroring, policy
& ] OSHA Gude Occupational H2S safety  N/A H2S (Reference) NA v Safety standards Refererce ony; lecks real-ume detection or rad ation safety
& ] Tshivhase et ol (2022 Waste handlers (S Africa) NA Physscal Bio hazards NA v Quoltative study Icentifes gaps but offers no technical wearable solution
nho Sddique ot al (2022) Giooel landfll heakth NA Env Folltants NA ¥ Impect snalysis Theoretical review. ro wearesble or morwtoring hardwase.
mj Informal Waste Risks (2025)  Open disposal (Khudna) NA Ocaupational rsks NA ¥ Vuineradity Map Soctoechnicsl study, ro ntegrated senscr hardware

na VSV Health Impact (2024) Was'e rismanagemrent NA Bio-markers NA ¥ Healh Review Valdates risk; no engineering monitorng solution

na Radiaton & loT (2021) Nom racies env o7 Sase loraang Radwetion Vared ¥  Coud deta Pramanky fixed rstzlanions lmred wearabie ntegraton
L} Portable Dose Detector (2017)  Radkation morwioning MU Double GM Tube NA > DgrallCD Portable but not wearsble, lacks gas detection and loT sync.
ng Gamma Prototype (2025) Raciaton detection MY GM Tube NA v Local detection Lacks mask integration, gas sensors, and wirsless syc

e Industrial Wearable (2019) Incustrial safety MOY N Env Seasors Wt v Local/Remote Generic; no spacific radiation of landbll gas focus

nm Wearatles Survey (2021) Work safety survey Vanous Heart rate, Gas, MU Mok *  Dashboards Notes lack of low-coet, Integrated ges/radation unts.

4] Lone Worker System (2021) Salety montoring MCY GPS, Fal detection GSm *  SMS/ Clowd Focuses o0 ocaton lacks ges/rad sensing capatiities
9 ESP32 mplementation (2023)  loT device design BsPn Technicel Berchmars Wi F ¥  Validation dete Technical platiorm veldation only. nc salety acplcation
20 Lowcost GM Tube (2019) Persona protection el Energy Comp GM NA *  Loosl dose rate Focuses on radiation only, nO gas or mask Integration
Prop o7 Smart Sa‘ety Mask Lanchl Workers (347 M2 « GM Tube Biynk » Buzzer ¢ Nop Combines gas + red atior, wearabe, landfl-spechc. ow-cos!

II1. Methodology

A. System Overview

This system operates according to a three-tier design: sensing, processing, and wireless transmission. An MQ-
2 gas sensor will continuously monitor the concentration of methane gas, whereas a Geiger-Mueller (GM) tube
will monitor for ionizing radiation. Data from the sensors will be processed through an ESP32 microcontroller
that will compare the current sensor values against preset safety thresholds; if any of the threshold safety values
are exceeded, the microcontroller will activate a buzzer within the ESP32 device. At the same time, the
information from both of the sensors will be sent to the Blynk Cloud, allowing supervisors to observe their workers
in real time via mobile dashboards [4][5].

MQ-2 Gas Sensor Module  Active Buzzer Module

* Detects Combustible Gases | Analog Data  [REEES 9] Digital Output Pin |« | ocal Audio Alarm

+ Methane (CHa), LPG, (VP/VN) Data * Independent ‘)))
Smoke a Threshold Control

ESP32 \ :

. ‘ (\:00 00" Byl B Digital Control | Status LED (e.g., Red/Green)
Geiger-Miiller (GM) Tube
Module (GM Counter) | Digital Interrupt oo Network & Alarm Status +4
+ Detects lonizing Radiation Pin (GPIO Power Supply ]
 « Alpha, Beta, Gamm @ sk - . ! viosv i ]
Wi-Fi Data Power Management
Blynk App (Supervisor (Blynk App)

DRk Boves ESP32 | Y. 2
(Remote Datastore) Integrated f/\ anl e
Web Dashboard Wi-Fi Live Data Gauges:  Trend mg”

(Real-time Monitoring) R o Ty gl e ek
rate Analysis Threshold Breac: s

Fig. 1. System Block Diagram

B. Hardware Components

The microcontroller integrated into the project is an ESP32 microcontroller as a central processing unit. The
ESP32 was selected because of its capabilities to integrate both a Wi-Fi and Bluetooth chipset together, its low
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power usage, and affordability [19]. The MQ-2 gas sensor utilizes chemical resistive methods to detect methane
and other combustible gases; the analog output from the MQ-2 is fed directly into the ADC of the ESP32, with
the ADC converting the voltage to parts per million (ppm) by using a calibration curve provided in the MQ-2
datasheet [3]. In comparison, the GM tube detects all forms of radiation (alpha, beta, gamma) and creates an
electrical pulse for each ionization event it detects; the ESP32 counts the number of pulses it receives over a
predetermined time period, and then converts that to a CPM (counts per minute) and then generates a dose rate in
pSv/hr [2][14]. The system has an active buzzer to provide a local warning, regardless of network connectivity,
and the power source is a 9V battery that provides total portability for the entire device.

C. Software and Firmware Design

In the Arduino IDE, the firmware is created. The MQ-2 ADC output is continuously read by the main loop,
which converts these readings into methane ppm based on a resistance-to-concentration mapping that was done
prior [3]. Pulse count information from the GM tube is retrieved from an interrupt handler and converted into a
dose rate at the same time as methane ppm are being processed. A buzzer is triggered anytime that the level of
methane exceeds 10,000 ppm or the level of radiation exceeds 0.8 puSv/hr, and it will continue to sound until both
levels have returned to safe limits. All threshold values are firmware constants that can be modified without
changing codebase structure [6][7]. Finally, sensor readings will be pushed to Blynk via Blynk.virtualWrite()
every set interval.

D. IoT Integration and Remote Monitoring

Using a single authentication token the ESP32 connects to the Blynk cloud through Wi-Fi and pushes periodic
data on methane and radiation levels into unique assigned virtual pins [4]. The data is visible to the supervisor via
real-time gauge and graph widgets on the Blynk mobile app. If either threshold has been reached, then the Blynk
platform will automatically send push notifications to every supervisor device that is registered. This dual-alert
architecture (local buzzer at the worker level, push notification at the supervisor level) allows for more timely and
coordinated emergency response than either system could provide individually [1][4].

E. System Workflow

When powered on, the ESP32 initializes sensor interfaces, connects to Wi-Fi, and authenticates with the
Blynk Cloud. The ESP32 will then enter continuous monitoring mode where it will read both sensors at set in-
tervals and compare each reading to its threshold. If both sensors read within their thresholds, this data will be
sent to the Blynk Dashboard; if either of the two sensors read over its threshold this will activate both the buzzer,
and send a push notification to the user in real-time. The buzzer will automatically deactivate when both sensors
return to a safe state to avoid alarm fatigue [1][4].

Phase 1: Design & Phase 2: Hardware Phase 3: Phase 4:
Requirement Prototype Assembly Software & loT Implementation Calibration &
Definition Validation

([ N ) Firmware Development (Arduino IDE) |
System Architecture Hardware |« Initialize, Wi-Fi Setup, Interrupts [Section IV.2] System T‘?“‘

& Requirements Implementation

[Section 1] [Section 1) [Section IV.5]
- - r [ Initialize ESP32, Sensors & Wi-Fi ]
» Define sensing, ESP32, MQ-2 Gas,
processing, data Geiger-Miiller Tube
transmission tiers [ Connect to Blynk Cloud ]
* Specify low-cost, | | ¥
wearable AT [ 7 , Stage 2 Full
requirements Acgh\\//eBB:zzer‘ Read MQ-2 (PPM) & GM Tube (uSv/hr) Sgy.;slem
« Landfil gases oy Integration Test
(CHg, H2S) and Section IV.1
Radiation > /
| [Section II] i | I—
‘ Send Data to , S
[ Landfill System | Activate Buzzer + k Dashboand :
archi!ecture(& A Send B'Ynk PUSh Section IVZ!] c‘vg{gm:nd
equirements Notification T ‘
[Section Il ] [Section I11.5] l B\‘/yl::al::zatq;a | [Section V]_‘

Fig. 2. System Workflow Diagram
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F. Safety Threshold Justification

The 10,000 ppm methane level corresponds to 10% of methane's LEL (lower explosive limit)—a common
early warning level according to safety standards so that workers will have time to exit before a flame convulsion
or asphyxiation occurs, which are both risks associated with high levels of methane [7][8]. The 0.8 pSv/hr ra-
diation threshold is based upon the ICRP radiological protection recommendations and represents a conservative
actionable level that is well above natural background levels of radiation (0.10—0.30 puSv/hr) and avoids excessive
false positives due to normal background changes in the environment [8][9].

IV. Implementation

A. Hardware Assembly

The analog output of the MQ-2 sensor is connected to an ESP32 GPIO pin that also serves as an ADC input
(5V). A GM tube is connected to a GPIO pin that is capable of generating interrupts, and the ESP32 uses interrupts
to count ionizing pulses from the GM tube [2]. An active buzzer is powered by a GPIO pin in a HIGH state when
in alarm mode, and a LOW state when in normal operation [1]. The entire circuit is powered by a 9V battery
through the VIN pin on the ESP32, and converted to the proper operating voltage by the onboard voltage regulator
of the ESP32.

Fig. 3a. Images of Hardware Used

Fig. 3b. Images of Hardware Used
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B. Firmware Implementation

The purpose of the firmware is to initialize the serial debugging port, configure the GPIO pins, set up an
interrupt on the GM tube pulse input pin to catch any pulses from the GM tube that may occur between loops, and
call the method Blynk.begin() to connect to the cloud [4][5]. The main loop will use the ADC from the MQ-2 to
read values, convert them to the corresponding PPM using the manufacturer's resistance-concentration curve,
retrieve and clear the pulse count from the GM tube, and use the fixed conversion factor to convert that to uSv/hr
[2][3]. The main loop will also compare the value of the constant to the threshold and determine if the buzzer
should be turned on or off. Each time the main loop is executed, it will use Blynk.virtualWrite() to send the
updated values to the dashboard [4].

C. Blynk Dashboard Configuration

The Blynk console connects the ESP32 to the project using an authentication token. There are two gauge
widgets showing real-time methane (PPM) and radiation (uSv/hr) based on virtual pin mapping [4]. Any time the
threshold is exceeded for either of the two parameters, the push notification automation rules will trigger and send
a push notification regarding the parameter and how much it exceeded its threshold for supervisors to quickly
evaluate severity prior to opening the complete dashboard [1][2].

Gas Radiation

1,000" 0.31

0 2,000 0 5

Fig. 4, the Blynk dashboard widgets updated

D. Sensor Calibration

As part of our MQ-2 sensor calibration process, we take a baseline (R0) resistance measurement of the sensor
in fresh air at 20 to 30 seconds after power on, then use the Rs/R0 ratio and manufacturers' sensitivity curves to
calculate gas concentrations in parts per million (ppm) [3]. The firmware will store RO value values, and they will
serve as the basis (reference) for all subsequent measurements. The GM Tube only requires calibration in the

sense that the on-board signal processing provides a clean digital output, but does not require a field calibration since
the data sheet provides a constant CPM-to-puSv/hr conversion rate that is used directly in the firmware [2][7].

E. System Testing Approach

All testing involved a "two-step" verification process. The first step was to test each individual sensor using
the Arduino IDE serial monitor to verify MQ-2 sensor response with controlled exposure to combustible gases
and to verify GM tube operation through logical counts of the number of pulses it produced and by expected
background dose rates [3][5][2][7]. The second step was to verify overall system functionality with buzzer ac-
tivation upon detect of threshold breach; real time system updates through the Blynk dashboard; and push notice
delivery times within acceptable limits [4]. The next phase of testing will take place at an operational landfill for
final field validation.

V. Results and Discussion

A. Prototype Status

All the pieces were built; every piece of hardware was connected and tested individually. Every piece of
firmware was operational, including the firmware to read sensors, establish a threshold to evaluate what the sen-
sors read, activate the buzzer upon detection of a threshold, and operate in conjunction with Blynk. The Blynk
mobile dashboard was set up with live sensor widgets and the ability to send notifications to a supervisor's device
when the threshold is exceeded.

VOLUME 10 ISSUE 08 2026 PAGE NO: 147


https://doi.org/10.71058/jodac.v10i08a11

) JOURNAL oF https://doi.org/10.71058/jodac.v10i08all

“'DYNAMICS AND CONTROL

B. MQ-2 Sensor Verification

The MQ-2 stabilized within 20-30 seconds after powering-up, consistently reading well below 10,000 PPM
over the typical indoor ambient environment, confirming that the ADC-to-PPM calibration was valid. A controlled
exposure to combustible gas produced a defined increase on the PPM level and the threshold detection activated
the buzzer with no false activations experienced.

C. GM Tube Verification

Under ambient lab conditions the GM Tube was able to accurately detect and count radiation pulses and
return dose rate readings consistent with expected background radiation levels of 0.10-0.30uSv/h. The pulse count
algorithm, CPM conversion, and interrupt processing logic were all correct, with no false positive results and dose
rate readings remained below the 0.80uSv/h alert threshold.

D. Alert System Verification

The onboard buzzer immediately activated upon detection of a simulated threshold breach and remained ac-
tive until conditions returned to normal. The Blynk dashboard widgets updated in real-time throughout all Wi-Fi
connected testing periods. Push notifications received by the supervisor's device from the Blynk dashboard oc-
curred within seconds after detection of any simulated threshold breach, confirming the end-to-end functionality
of the alert system. As shown in Fig. 4, the Blynk dashboard widgets updated in real-time, displaying gas con-
centration at 1,000 PPM and radiation dose rate at 0.31 pSv/hr, consistent with expected ambient lab conditions.

E. Discussion

Technical goals have been completely reached. Testing done in a laboratory environment showed that the
entire integrated system (which included MQ-2 gas sensor, GM tube for detecting radiation, local buzzer for alerts
and Blynk for remote monitoring) performed reliably in all of its subsystems. The dual-alert architecture worked
well to provide both users of the device (i.e., worker and supervisor) knowledge of a hazard, using only one low-
priced wearable unit.

VI. Conclusion and Future Work

A. Conclusion

The presented design, construction and tested proof of concept for an [oT connected low cost Smart Safety
Mask will be used by Workers at Landfills. The system integrates an MQ-2 Methane Sensor and a Geiger-Miiller
Radiation Detector with an ESP32 Microcontroller to create Local Alerts based on Real Time Thresholds via the
Onboard Buzzer and Remote Supervisor Notifications through the Blynk Platform. All subsystems tested in the
Prototype had the expected functionality and therefore creates a capability, being able to Monitor both Gas and
Radiation as one Wearable, which currently does not exist as documented for this Worker Group.

B. Future Work

The next priority steps will be Field Testing at a working Landfill and adding CO, H=S, and NHs gas detection
using additional types of MQ Gas Sensors. Cellular (GSM) and GPS Tracking will need to be added to improve
Monitoring since Landfills do not have Wireless (Wi-Fi) connections. This will require custom PCB design with
specifications for a dust and moisture resistant enclosure. The Software Development will need enhancements to
add Machine Learning (ML) Anomaly Detection to reduce False Positive Events, add Physiological Sensors (i.e.
Pulse Oximeter), and allow Supervisors to view multiple Worker dashboards from a Central Source.
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